A dense axonal plexus, arising in a portion of the magnocellular basal nucleus, was identified in the thalamic reticular nucleus in adult rats. The details of these axonal arbors as well as their relation to the neurons of the reticular nucleus were investigated by using Phaseolus vulgaris leucoagglutinin injections into the basal nucleus and intracellular injections of Lucifer yellow into reticular nucleus neurons. Axons arising in the caudal basal nucleus at the medial margin of the globus pallidus do not enter the dorsal thalamus but are confined to the reticular nucleus, where they arborize widely and densely. Neurons in the reticular nucleus are large, with sparsely spined and beaded dendrites, which radiate within the plane of the nucleus. Bouton-like swellings along basal nucleus axons are often found apposed to the somata of reticular nucleus neurons, although many are also apposed to dendrites. These morphological observations suggest a second potentially significant route, in addition to its well-known direct cortical projection, through which the magnocellular basal nucleus could influence cortical function: it may, by strategically modulating the excitability of reticular nucleus neurons, alter the general state of the thalamus and hence affect the initial transmission of information to the cortex.
The thalamic reticular nucleus is a thin sheet of neurons encapsulating the dorsal thalamus. Reticular nucleus neurons receive collateral projections from thalamocortical axons and corticothalamic axons and send their own axons back into the dorsal thalamus. This relationship is known to be topographically precise, with small portions of the reticular nucleus receiving inputs from restricted regions of the cortex and also being reciprocally interconnected with corresponding foci of the dorsal thalamus (1) (2) (3) (4) (5) . Axons of neurons in the reticular nucleus are likely to inhibit both principal neurons and inhibitory interneurons within the nuclei of the dorsal thalamus (6) (7) (8) . Aside from the terminal ramifications of the corticothalamic and thalamocortical inputs, however, the details of the axons of some of the other extrinsic afferents, including those potentially immunoreactive for choline acetyltransferase (ChAT) or for glutamic acid dehydrogenase (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) , have not been clear. While possibly fewer overall than the well-established thalamic and cortical axonal collaterals, these other extrinsic axons may also be of some relevance to our understanding of reticular nucleus function and the modulation of thalamic rhythmicity. Thus, I began to investigate the terminal ramifications of some ofthese pathways by using anterograde tracer injections into certain cell groups labeled following retrograde tracer injections into the thalamic reticular nucleus. Interestingly, the caudal magnocellular basal nucleus, at the medial margin of the globus pallidus, was found to give rise to a dense and characteristic axonal plexus within the rostral reticular nucleus. This projection was therefore examined in detail, to define its precise relation to the neurons of the thalamic reticular nucleus.
METHODS
Young adult Sprague-Dawley rats (n = 62) were injected with a variety of retrogradely and anterogradely transported neuroanatomical tracers. In a series of preliminary retrograde tracing experiments (n = 14), either fast blue or fluoro-gold was injected into the thalamic reticular nucleus to ascertain the exact loci of the cell groups afferent to the reticular nucleus, and the animals were sacrificed 3-7 days later for histological processing. In the anterograde tracing experiments (n = 48), either wheat germ agglutinin conjugated with horseradish peroxidase or Phaseolus vulgaris leucoagglutinin (PHA-L) was iontophoretically injected into the parabrachial nucleus, the pedunculopontine nucleus, the laterodorsal tegmental nucleus, or the caudal magnocellular basal nucleus. The survival period was 24 hr for the wheat germ agglutinin conjugated with horseradish peroxidase experiments and 7 days for the PHA-L experiments.
In 18 of the PHA-L-injected cases as well as in 21 additional cases, the fluorescent dye Lucifer yellow (LY) was injected intracellularly into selected reticular nucleus neurons in lightly fixed tissue slices. In these, each rat was perfused with -1 liter of 4% paraformaldehyde in 0.1 M borate buffer for exactly 12 min at room temperature, followed by -1 liter of 0.1 M phosphate-buffered saline (PBS) at 40C. The brains were immediately removed from the skull and sliced at 150-pm thickness on a vibratome, in a plane tangential to the rostral thalamic reticular nucleus. These slices were collected in PBS at 4°C. Slices of interest were counterstained with nuclear yellow (0.001% nuclear yellow in 0.1 M acetate buffer at pH 6 for 60 sec), rinsed in 2x PBS, affixed upon a microscope slide using black filter paper, and examined on a fixed-stage Nikon Labophot fluorescent microscope equipped with a BV filter cube and a x40 water-immersion objective (using 2x PBS as the immersion fluid). Reticular nucleus neurons were selectively impaled under visual guidance with glass micropipettes containing 5% (wt/vol) LY. Once a cell was impaled, the dye was iontophoresed into the cell with 2-to 10-pA, pulsed negative current until the neuron appeared to fill maximally (=10,000 pulses per neuron). The slices were subsequently removed from the filter paper, postfixed for 2 min in the borate-buffered fixative, and rinsed in PBS. The immunohistochemical localization of PHA-L was carried out on free-floating slices. After a 72-hr incubation in the primary antibody, the transported lectin was visualized by using described methods (19) .
Abbreviations: ChAT, choline acetyltransferase; PHA-L, Phaseolus vulgaris leucoagglutinin; LY, Lucifer yellow; GABA, y-aminobutyric acid.
4746
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
RESULTS
My preliminary retrograde transport experiments largely confirm previous reports (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) . Localized injections of fast blue or fluoro-gold in the region of the thalamic reticular nucleus (Fig. 1A ) result in numerous retrogradely labeled neurons in a variety of brain sites, including the parabrachial nucleus (Fig. 1B) , the laterodorsal tegmental nucleus, the pedunculopontine nucleus, and the magnocellular basal nucleus (see arrowheads in Fig. LA) .
PHA-L injections into the parabrachial nucleus ( Fig. 1C ) result in axonal labeling consistent with previous findings (20) . Near the rostral thalamus, labeled axons arborize extensively in the dorsal and rostral portions of the zona incerta, and numerous labeled fibers traverse the bed nucleus of the stria terminalis, immediately rostral to the reticular nucleus ( Fig. 1D ) to enter the stria medullaris. Very few labeled axons actually enter the thalamic reticular nucleus; however, those that are present appear to ramify within the reticular nucleus and give rise to bouton-like structures possibly indicative of synaptic enlargements. PHA-L injections into the laterodorsal tegmental nucleus, similarly, give rise to preterminal arborizations throughout the zona incerta, but to very few axons entering into and arborizing within the reticular nucleus itself. Large injections of wheat germ agglutinin conjugated with horseradish peroxidase into the pedunculopontine nucleus result in fine, dust-like particles indicative of preterminal arborizations throughout the thalamus and zona incerta and a light scattering of barely noticeable above-background labeling within the rostralmost portions of the thalamic reticular nucleus. The density of reticular nucleus labeling is consistently higher caudally, in the region of the lateral geniculate nucleus and in the caudal and lateral reticular nucleus. It is important to note that some labeled axons do indeed enter the rostral thalamic reticular nucleus following each of these anterograde tracer injections into the peribrachial brainstem region, although the amounts of anterograde label detected within the rostral thalamic reticular nucleus are significantly less than what might have been anticipated based on the numbers of retrogradely labeled neurons seen in the peribrachial region following retrograde tracer injections into this region. This is likely to be due to our retrograde tracer injections involving terminal fields as well as fibers of passage in the bed nucleus of the stria terminalis (see Fig. 1D ) and in the zona incerta. Thus, fibers arising in the peribrachial region appear to constitute only a minor afferent component within the reticular nucleus itself.
A major afferent input to the thalamic reticular nucleus, however, arises in the caudal magnocellular basal nucleus. PHA-L injections into the magnocellular basal nucleus, in the region immediately adjoining the internal capsule at the medial margin of the globus pallidus, result in labeled axons piercing the internal capsule and arborizing quite densely within the ipsilateral thalamic reticular nucleus ( Fig. 2A) . Even following rather restricted PHA-L injections, this projection is widespread. Following these caudal basal nucleus injections, no preterminal arborizations are detected anywhere else within the thalamus; the nuclei of the dorsal thalamus are devoid of any PHA-L labeling. Although projections from the nearby ventral pallidal region to the mediodorsal nucleus and from the globus pallidus proper to the ventroanterior and ventromedial nuclei have been described (13, 18, 21, 22) , anterograde labeling in these thalamic nuclei was not detected following PHA-L injections into this nearby basal nucleus focus. PHA-L-labeled basal nucleus axons frequently extend for considerable distances within the reticular nucleus (over 2 mm in length) and give rise to many localized clusters ofbouton-like swellings (arrows in Fig. 2B ), as well as individual "en-passant" beads along extended segments (arrowheads in Fig. 2B) . While it is possible that some axons selectively give rise to only clusters, others to only en-passant swellings, and yet others to both, it was difficult to definitively link some of the clusters with the parent stem axons due to the high density of labeling. Axons that give rise to both were the only ones which were identified with certainty (see axon in Fig. 2E ).
In the tissue slices, intracellular LY injections can result in the apparently complete filling of the cell body and dendrites of reticularis neurons. The neurons of the thalamic reticular nucleus (sample size, -500) are large and multipolar, usually (Figs. 2D, 3, and 4) . The total dendritic extent of reticular nucleus neurons labeled with LY are frequently well over 1 mm in diameter, consistent with previous results obtained by using Golgi and intracellular horseradish peroxidase injection methods (3, (23) (24) (25) (26) . Each cell body has three to five primary dendrites, each of which rapidly give rise to two to four secondary dendrites. In contrast to the smooth radiate dendrites of neurons in the nearby ventral lateral nucleus (Fig. 2C) , the dendritic processes of reticular nucleus neurons are beaded. The primary dendrites, in general, exhibit only slight periodic swellings, but the secondary and tertiary dendrites are distinctly beaded. The thickness and the intervals between the constricted portions of the beaded dendrites gradually diminish, while the size of the beads themselves remains unchanged as one progresses away from the cell body. Thus, the distalmost dendritic processes frequently appear as chains of beads held together by thin, barely noticeable threads (see Fig. 4 ). In contrast to the Golgi studies ofjuvenile rats, which described multitudes of protrusions emerging from the dendrites of reticularis neurons (24, 25) , in the present material these neurons are only sparsely studded with hair-like dendritic appendages. The dendritic process illustrated in Fig. 3B is an example of one of the more densely studded dendrites in our sample. The scarcity of dendritic appendages in the present sample is unlikely to be caused by an incomplete permeation of LY into the dendrites, since those filamentous appendages detected tended to occur upon the more distal parts of the dendrites (see Fig. 4 ), so presumably any appendages located more proximally would have had at least as good a chance of being filled.
By combining PHA-L labeling of magnocellular basal nucleus axons with the intracellular LY injection procedure, the details of the relationship of the magnocellular basal nucleus input with the neurons of the reticular nucleus were examined. In these double-label experiments, the most striking observation is that the bouton-like swellings of basal nucleus axons are frequently apposed to the somata of reticular nucleus neurons (Fig. 2 E-G) . Clustered axonal boutons like those seen in the single-label PHA-L experiments are, in these double-label experiments, frequently apposed to the somata of LY-injected neurons, and enpassant swellings are often associated with dendritic processes (Fig. 2 E-G) . Although the sampling procedure does not permit the identification of the recipient profiles associated with each labeled axonal bouton, it is clear that many of the labeled clusters appose somata, in what could be considered a "basket-like" configuration.
DISCUSSION
The results presented here indicate that axons arising in the caudal magnocellular basal nucleus arborize densely and selectively within the reticular nucleus of the thalamus, that the terminal ramifications of these axons comprise basketlike clusters of beads as well as beads en passant, and that many of the clusters appear to abut directly upon the somata of thalamic reticular nucleus neurons. Although synaptic contacts, of course, cannot be definitively identified at the light microscopic level, these observations suggest that the magnocellular basal nucleus input is poised to exert a direct influence upon the somata of reticular nucleus neurons and adds the prospect of a substantial telencephalic control over the ascending activating process initially proposed by Moruzzi and Magoun (27) .
In the present material, denser rostral reticular nucleus axonal arbors were observed following tracer injections into the basal nucleus than following tracer injections into the peribrachial region of the brain stem. This observation cor- Neurobiology: Asanuma Proc. Natl. Acad. Sci. USA 86 (1989) roborates the predictions of a previous retrograde study conducted in the rat (16) . It thus appears that there may be some species differences in the relative densities of forebrain and brain stem inputs to the rostral reticular nucleus since, in the cat, retrograde transport studies indicate a denser peribrachial input entering into this thalamic region (13, 18) .
Since the pioneering study of Morison and Basset in 1945 (28) , many investigators have supported the view that the thalamus generates the rhythmic, 7-to 14-Hz spindle oscillations of electroencephalogram-synchronized sleep and that these oscillations are somehow suppressed during "activated states" such as arousal and rapid eye movement sleep (see refs. 29 and 30 for review). Interest associated with these rhythms has recently focused on the reticular nucleus of the thalamus, since the integrity of this nucleus now appears to be critical to the generation of thalamic spindle oscillations. The evidence for this is that (i) the discharges of reticular nucleus neurons are inversely correlated with the bursts of dorsal thalamic neurons during spindling: reticular neurons fire in prolonged bursts, of durations comparable to those of the long lasting hyperpolarizations that accompany the rapid bursts of dorsal thalamic neurons during spindling (31-33); (ii) reticular neurons maintain their rhythmicity when surgically separated from dorsal thalamic and cortical inputs (34) ; and (iii) dorsal thalamic neurons do not exhibit spindle rhythms when deprived of their reticular nucleus inputs (35) . Thus the thalamic reticular nucleus seems responsible for the spindle oscillations characteristic of the dorsal thalamus during synchronized sleep and, further, the strategic basal nucleus input upon the reticular nucleus neurons may be associated with modulating some aspect of this rhythmgenerating capacity. A recent electroencephalogram and single-unit study has shown that the discharge properties of nucleus basalis neurons are tightly correlated with the rhythmic oscillations of the thalamus and cortex during drowsiness and that nucleus basalis damage results in a dramatic increase of thalamic and cortical spindle oscillations (36) .
ChAT-immunoreactive synaptic terminals have recently been identified upon dendritic profiles only within the reticular nucleus-not upon somatic profiles (37) . It seems unlikely, therefore, that the somatic appositions identified in the present study belong to cholinergic axons. Indeed, retrograde transport experiments done in conjunction with ChAT immunohistochemistry have identified the presence of ChAT immunoreactivity in <30% of the thalamically projecting neurons within the basal forebrain (18) , and y-aminobutyric acid (GABA) has been proposed to be the transmitter of some of the remaining, non-ChAT immunoreactive neurons (13, 18) . Since several GABAergic long projection systems originating in the basal forebrain region have recently been identified (22, 38, 39) , since many perisomatic synaptic boutons in this nucleus are known to be GABAergic (23, (40) (41) (42) , since perisomatic synapses in the reticular nucleus ofrats are generally Gray's type II (25) , and since the membrane specializations of ChAT immunoreactive synapses in the reticular nucleus are not symmetric (37) , it is possible that some of the axonal boutons identified in the present study, such as the perisomatic clusters, belong to GABAergic long projection axons. Further work is needed to identify the neurochemical profile of these axonal arbors, to clarify the ultrastructure of their appositions with reticular neurons, and to elucidate their physiological effects upon the neurons of the thalamic reticular nucleus. 
